Aging is associated with an accumulation of oxidative damage to proteins, lipids and DNA. Cellular mechanisms designed to prevent oxidative damage decline with aging and in diseases associated with aging. A long-lived mouse, the Ames dwarf, exhibits growth hormone deficiency and heightened antioxidative defenses. In contrast, animals that over express GH have suppressed antioxidative capacity and live half as long as wild type mice. In this study, we examined the generation of H202 from liver mitochondria of Ames dwarf and wild type mice and determined the level of oxidative damage to proteins, lipids and DNA in various tissues of these animals. Dwarf liver mitochondria (24 months) produced less H202 than normal liver in the presence of succinate (p<0.03) andADP (p<0.003). Levels of oxidative DNA damage (8OHdG) were variable and dependent on tissue and age in dwarf and normal mice. Forty-seven percent fewer protein carbonyls were detected in 24-month old dwarf liver tissue compared to controls (p<0.04). Forty percent more (p<0.04) protein carbonyls were detected in liver tissue (3-month old) of GH transgenic mice compared to wild types while 12 month old brain tissue had 53% more protein carbonyls compared to controls (p<0.005). Levels of liver malonaldehyde (lipid peroxidation) were not different at 3 and 12 months of age but were greater in Ames dwarf mice at 24 months compared to normal mice. Previous studies indicate a strong negative correla-
INTRODUCTION
Aging is associated with declining physiological function. Accumulation of oxidative damage to DNA, proteins and lipids is thought to contribute to the observed decline (1) . The increase in cellular damage caused by reactive oxygen species (ROS) with advancing age is supported by several studies (2) (3) (4) . In addition, oxidative damage may contribute to multiple diseases including cancer, cardiovascular disease, Parkinson's disease, ischemia and chronic inflammation (5, 6) . Reactive oxygen species are generated during normal cellular metabolism and although cells have various enzymatic and nonenzymatic systems to control ROS, a certain amount is able to escape these defenses and potentially cause damage to cellular components.
Elevated oxidative stress due to an increase in mitochondrial ROS generation and associated oxidative damage occur concomitant with aging (7) . A significant correlation between longevity and reduced oxidative damage has been shown in several non-mammalian species (8, 9) . In addition, an intervention, caloric restriction, has been shown to extend life span, modify accumulation of oxidative damage in rodents (10, 11) and may ameliorate risk factors associated with chronic human diseases (12) . Ames dwarf mice represent unique genetic mutants that outlive their wild type counterparts by more than one year (13) . These mutant mice are characterized by pituitary hormone deficiencies (growth hormone (GH), prolactin and thyroid stimulating hormone) that result in diminutive body size and delayed puberty. However, their antioxidant defenses, specifically catalase, are elevated in several tissues (14) . The growth hormone deficiency is thought to be particularly important to the extended life span achieved by the Ames dwarf as Snell dwarf mice (phenotypically identical to Ames; 15, 16) and GH receptor knock out mice (17) also live longer than wild type siblings (18) . In contrast, mice that over express GH (GH transgenics) live only half as long as normal, wild type siblings and exhibit a suppressed antioxidative capacity (14, 19) .
We were interested, therefore, in determining whether significant differences in ROS generation and oxidative damage were apparent between long-living Ames dwarf and normal wild type mice. Oxidative damage to proteins and DNA were also evaluated in short-lived GH transgenic mice.
MATERIALS AND METHODS

Animals
Ames dwarf, GH transgenic and corresponding groups of age-matched wild type male mice were maintained at the University of North Dakota (UND) vivarium facilities under controlled conditions of photoperiod (12 h light:12 h dark) and temperature (22 _+ 1 C) with ad libitum access to food and water. The Ames dwarf (df/ df) mice used in this study were derived from a closed colony with heterogeneous background (over 20 years). Dwarf mice were generated by mating either homozygous (df/df) or heterozygous (df/+) dwarf males with carrier females (df/+). Ames dwarf mice were maintained under standard laboratory conditions. The GH transgenic animals were kindly provided by Dr. Andrzej Bartke (Southern Illinois University). All procedures involving animals were reviewed and approved by the UND Institutional Animal Care and Use Committee. Twenty-four month old dwarf and wild type mice from the dwarf line represent the oldest age group in this study because the average lifespan of the wild type mice in our colony is -23 months (13) . The GH transgenic animals used in these studies were derived from a single male founder (strain B6SJL) produced by microinjection of the phosphoenolpyruvate carboxykinase (PEPCK) promoter region (300 bp)/bGH hybrid gene into the male pronucleus of single-cell embryos. The creation and initial characterization of transgenic animals (transgenic males crossed to C57BI/6J x C3H/J F1 females) were described previously (20, 21) . Animals overexpressing GH typically live ~12 months of age (19, 22) , therefore, the 12 month old age group represents the very oldest mice in this line. Liver, heart and brain tissues from 3, 12, and 20-24 month old animals were collected for different experiments, rapidly frozen and maintained at -80~ until analysis. All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise noted.
ROS determination
To assess the levels of H20 ~ production in Ames dwarf and corresponding wild type mice, mitochondria were isolated from liver tissues of 3-and 24-month old male mice using the procedure of Trounce and coworkers (23) and the H202 assay of Kwong and Sohal (24) . Briefly, fresh tissue was homogenized in buffer (224 mM mannitol, 75 mM sucrose, 10 mM MOPS, 1 mM EGTA, and 0.5% BSA, pH 7.2) and centrifuged at 1500 x g for 5 min at 4~ (2X). Centrifugation was repeated at 10,000 x g for 15 min at 4~ to pellet mitochondria. 100 pl mitochondria, 4 pl horseradish peroxidase (1000 U/ml), 50 IJI p-hydroxyphenylacetate (10mg/ml) and 2.696 ml of reaction buffer (154 mM KCI, 5 mM KH2PO 4, 5 mM K2HPO ., 3mM MgCI2-6H20, 0.1 mM EGTA, pH 7.4) were combined, placed in the fluorometer at 37~ and stirred. A volume of 100 tJI of a 210 mM succinate solution in reaction buffer was added followed by 50 IJl of 10.8 mM ADP in reaction buffer 2 min later. The ADP rate was obtained over the next 6 minutes and H202 production calculated based on the standard curve. The data was normalized and expressed per mg mitochondrial protein. Controls included substrate without mitochondria, mitochondria without substrate and buffer only for each tissue and substrate utilized.
Determination of oxidative DNA damage
To estimate oxidative DNA damage, 8-hydroxy-2-deoxyguanosine (8-OHdG) was quantified using high performance liquid chromatography and electrochemical detection (HPLC-EC).
This guanine adduct is elevated in oxidative stress and is a major product of DNA damage. This assay was performed by ESA Laboratories (Chelmsford, MA) using procedures originally described by Floyd and coworkers (25, 26) . In our lab, for preparation of samples for analysis, DNA was extracted from tissues using the Qiagen Maxi-Prep DNA Kit (Qiagen; Valencia, CA). Isolated DNA was hydrolyzed using the following procedure. Briefly, 200 tJg of DNA was dissolved in 20 mM sodium acetate (pH 5.1) and incubated for 10 min at 65~ with 1 U/pl nuclease P1. Tris-HCL (1 M) was added to each sample followed by 1 U/pl alkaline phosphatase. Following a 1 hr incubation at 37~ 3 M sodium acetate buffer was added and the mixture transferred to a 5 k Millipore (Bedford, MA) concentrator tube. The tubes were centrifuged at 5,000 x g for 10 rain and the resulting nucleosides were stored at -80~ prior to shipment to ESA. For analysis, the nucleoside mixture was injected into a reverse phase C-18 column, eluted with sodium acetate and methanol in phosphate buffer. Known amounts of characterized 8-OHdG were used as standards. An EC curve was generated, the level of sensitivity selected and unknowns were compared to standards. An 8-OHdG:2dG ratio was calculated as this value has been shown to correlate well with DNA damage and aging (27) (28) (29) .
Determination of protein oxidative damage
Quantitation of protein carbonyl groups is sensitive and allows detection of differences in oxidized protein in the Ames dwarf and GH transgenic as compared to corresponding age-matched wild type animals. The carbonyl content of tissues was determined using the method of Levine and coworkers (30) . Briefly, proteins were extracted from tissues using lysis buffer (10mM Tris, 0.15M NaCI, 5 mM EDTA, 1% Triton X, 1 mM phenylmethylsulfonyl fluoride, .25 ng/pl leupeptin, .25 ng/pl aprotinin) to prevent proteolytic degradation. Nucleic acids were eliminated by treating the samples with 1% streptomycin sulfate for 15 min, followed by a 10 min centrifugation (11,000xg) . Proteins were precipitated by adding an equal volume of 20% TCA to protein and centrifuged for 1 min. The samples were resuspended in 10 mM 2,4-dinitrophenylhydrazine (2,4-DNPH) solution and incubated at room temperature for 15-30 min. Following the addition of 20% TCA, samples were centrifuged, resulting pellets were washed in ethanol:ethyl acetate, incubated at room temperature for 10 min and centrifuged again for 3 min. The precipitate was resuspended in 6 M guanidine solution, centrifuged for 3 min and insoluble debris removed. The maximum absorbance (360 nm) of the supernatant was read against appropriate blanks (water, 2 M HCL) and the carbonyl content calculated using the molar absorption coefficient of 22,000 M-lcm 1.
Determination of lipid oxidative damage
To assess lipid peroxidation, malonaldehyde (MDA) levels were measured in liver and brain tissue homogenates and 4-hydroxyalkenal (4-HNE) in liver tissues only. A colorimetric assay (LPO-586 Kit; Oxis International; Portland, OR) based on the method of Esterbauer et al. (31) was utilized. Briefly, a 20% tissue homogenate was prepared in 20 mM Tris buffer containing 5 mM butylated hydroxytoluene (BHT) to prevent sample oxidation. Protein concentrations were determined using the Bradford method (32). Reagent 1 (Nmethyl-2-phenylindole) was added to each sample, the mixture was gently vortexed and then 15.4 M methanesulfonic acid (Reagent 2) was added. Samples were incubated at 45~ for 45 min followed by centrifugation (10 min at 15,000 x g). The absorbance of the sample supernatants was measured at 586 nm. Sample blanks, reagent blanks and MDA and 4-HNE standards were included and the concentration of the analyte in each sample was calculated using the molar extinction coefficient at 586 nm of 110,000. The results were expressed as IJM MDA/mg of protein.
Differences between means were assessed utilizing Prism (Graphpad, San Diego, CA). Analysis of variance or students t tests were used to determine significant differences among means. When needed, a NewmanKeuls post hoc test was used to test for specific differences. The accepted level of significance for Fobs was p < 0.05.
RESULTS
Hydrogen peroxide production was measured to determine if differences in ROS generation existed between Ames dwarf and normal, wild type mice. Young (threemonth old), dwarf liver was not different from young, normal liver tissue with respect to the amount of H202 generated using either succinate or ADP as substrates ( Figure 1 ). Mitochondria from 24-month old dwarf liver tissues consistently generated less H202 when compared to wild type mice from the same strain ( Figure 1 ). In the presence of succinate (State 4 substrate), 42% less H202 was produced (p<0.03), while in the presence of a State 3 substrate, ADP, 33% less H202 was produced by dwarf liver mitochondria (p<0.003).
The determination of oxidative DNA damage was conducted in studies using dwarf, GH transgenic and corresponding age-matched normal mice. The results were variable, revealing some differences between dwarf and normal mice depending on tissue and age of the animals. No differences in liver 8OHdG:2dG were observed in three month old dwarf and normal animals. However, livers from dwarf mice tended (p<0.09) to exhibit less DNA damage at 12 months of age when compared to wild type mice (Table 1) . In contrast, 24-month old dwarf livers had elevated DNA damage compared to normal, wild type mice (p<0.02). In this study, DNA damage appeared to accumulate with age in dwarf mice only (p<0.0001; Table 1 ). In brain tissues of dwarf mice, no significant differences in oxidative DNA damage were noted ( Table 2 ). Although 24 month old dwarf brains exhibited 32% lower 8OHdG:2dG ratios, when compared to wild type mice, the difference was not statistically significant (p<0.09).
Similar results were obtained from liver and brain tissues of GH transgenic mice. No significant differences were observed between GH transgenic and wild type liver and brain tissues at three and 12 months of age (data not shown). These tissue samples varied greatly from animal to animal in their 8OHdG:2dG ratios.
The amount of carbonylated protein was measured in dwarf and GH transgenic tissues as a parameter of oxidative protein damage. Three-month old dwarf and normal mice did not differ in the nmol DNPH/mg protein ( Figure 2) . However, at 24 months of age, livers from dwarf mice exhibited 47% fewer (p<0.04) protein carbonyls when compared to age-matched normal mice. In Table 1 Values represent means _+ SEM. Values represent means _+ SEM.
Ames dwarf mice, no significant difference was detected in oxidative protein damage to liver between three and 24 months of age. As expected, protein oxidative damage appeared to accumulate with age in normal wild type mice (p<0.02). Fewer protein carbonyls (p<0.01) were observed in three-month old dwarf brain tissues compared to normal mouse tissues ( Figure 3) . In contrast to the findings in liver, no differences were detected at 24 months, largely due to very large variances between 0.0~ (Figure 4 ). No differences were observed in 12-month old animals however both groups of mice showed an increased amount of protein oxidative damage with age (p<0.01). Brain protein carbonyls were 53% higher (p<0.005) in GH transgenic mice at 12 months of age compared to normal wild type mice from the same strain ( Figure 5 ). The data from animals at three months of age reflected large amounts of variation and therefore were not different.
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==, The level of lipid peroxidation was measured by determining the levels of malonaldehyde or malonaldehyde and 4-hydroxyalkenal. Although three-month old dwarf livers appeared to have less MDA/mg protein, this difference was not significant (p<0.09). Livers from 12-month old dwarf mice did not exhibit differences in MDA content (IJM MDA/mg protein; Figure 6 ). However, 24-month old Ames dwarf mice appeared to have more MDA/mg protein compared to normal wild type mice Liver malonaldehyde levels (pM malonaldehyde/mg protein) in 3, 12 and 24 month old Ames dwarf and normal, wild type mice. Values represent means -+ SEM. *p<0.005 dwarf versus normal mice at 12 months of age. *Represents differences between dwarf and normal mice at 24 months of age. "Represents differences between 3 and 24 month old dwarf mice. "Represents differences between 3 and 24 month old normal mice. **p<0.0001 #p<0.001 ##p<0.001.
(p<0.006). In addition, the concentration of MDA significantly increased with aging in both dwarf (p<0.001) and normal (p<0.001) mice. When MDA + 4-HNE levels were determined together, 12 and 24 month old dwarf livers exhibited 47 and 77% more, respectively, compared to normal mice ( Figure 7) . And, as seen with MDA alone, this measure of lipid peroxidation increased with age (p<0.001) in liver tissue from both dwarf and normal mice (Figure 7) . The level of MDA in brain protein from three-month old normal mice was elevated 30% (p<0.05) over that of dwarf mice while levels at 20 months of age were not found to differ significantly (Figure 8 ). Interestingly, less MDA was noted in older normal mouse brain tissue (p<0.001) although no differences in MDA with age were revealed for dwarf mice.
DISCUSSION
Ames dwarf mice live longer than wild type mice of the same strain. Heightened antioxidative defenses may play a role in the observed life span extension (14, 33) . In the current studies, we have shown that Ames dwarf mice also generate fewer ROS and in many cases, likely results in reduced oxidative damage when compared to their normal counterparts. In addition, a premature aging mouse, the GH transgenic, tend to exhibit greater protein oxidative damage. This finding in transgenic mice, along with evidence of suppressed antioxidative defenses (14) , suggest that oxidative stress may play a role in premature aging as well.
Determining the level of ROS production in Ames dwarf mice was critical in re~ating the heightened antioxidative defenses to the dramatic extension of lifespan observed previously (13) . According to the free radical theory of aging, less oxidative damage accumulates leading to longer life if either fewer free radicals are generated and/or elevated antioxidative defenses are in place. In this study, reduced production of H202 was observed in 24 month old Ames dwarf liver mitochondria utilizing succinate, a State 4 substrate, and ADP, a State 3 substrate. These results suggest that at least in liver tissue, dwarf mice are subjected to less oxidative stress and may need less 02 to control membrane leakiness when compared to normal mice (7) . In addition, while chronic exposure to ROS can result in oxidative damage to protein, lipids and DNA, acute exposure can inactivate electron transport chain complexes (I, II, III) resulting in reduced mitochondrial energy production (34, 35) . We have preliminary evidence indicating that in fact, protein levels of Complexes I, II and V are elevated in dwarf mice (36) . Calorically restricted animals also exhibit lower ROS production rates compared to ad libitum fed animals (37) . In the cell, H202 is detoxified by both catalase and glutathione, both of which are significantly elevated in dwarf liver tissue (14, 38) . GH-deficient dwarf mice are also hypothyroid and exhibit a lower core body temperature when compared to age-matched wild type mice (39) . Presumably, metabolic activity is lower leading to fewer ROS generated in these mice. However, GH receptor KO mice are only slightly hypothermic and still live 30-50% longer suggesting that the hypothyroidism may not be the key player in the life span extension of the Ames dwarf mouse. Rather, a deficiency in GH signaling may be responsible for the dramatic extension in life span observed in these two types of mice.
Hydroxyl free radicals attack DNA producing 8-OH2dG and other oxidation products. DNA damage plays a role in mutagenesis, carcinogenesis, cell death and is highly correlated with aging as less damage is observed in longer living species. High performance liquid chromatography is a sensitive method used to measure guanine adducts. With this method, we found no differences in young (3 month) liver, less damage in dwarfs at 12 months and in old dwarfs (24 month) higher 8-OH2dG:2dG ratios compared to controls. A recent report supported earlier studies demonstrating significant age-related increases in 8OHdG in both nuclear and mitochondrial DNA from various tissues of mice and rats (40) . Early reports showed that normal oxidative damage to both nuclear and mitochondrial DNA was extensive (41) . Even though antioxidative defenses are elevated and less H202 is produced in dwarf liver, some enzymes may not be as effective in repairing damaged (base excision repair) DNA. In addition, both the amount and significance of cumulative oxidative damage in aging is unclear (42) . Another recent report showed a linear increase in mitochondrial 8OHdG glycosylase with age in mouse liver (43) . In brain tissues, less oxidative DNA damage was observed in dwarf mice suggesting better protection against oxidative stress or repair of altered structures. It has been shown that brain is one organ most vulnerable to oxidative stress due to high 02 consumption, high concentrations of unsaturated fatty acids, a large store of iron and low antioxidant capacity. Our previous studies did not find major differences in levels of catalase and SOD in whole brains of Ames dwarf mice (14; unpublished data). However, others have evaluated antioxidative enzymes in specific brain regions and demonstrated differences in the Ames dwarf mouse (44) . Therefore, there may be region specific oxidative damage (45) in these animals that was not detected in our whole brain preparation. In addition, we have found that dwarf mice appear vulnerable to oxidative stress induced by MPP+ administration as Parkinson's-like tremors develop at the same rate as normal wild type mice (Brown-Borg, unpublished data). In contrast, Ames dwarf mice exhibit greater survival than normal mice following paraquatinduced oxidative stress suggesting better systemic oxidative defenses (46) .
Oxidative protein damage occurs when free radicals interact with neighboring proteins. This free radical attack results in the formation of carbonyls on afflicted proteins, among other types of specific damage due to oxidant exposure. Dwarf mice exhibited less oxidative damage to protein in both liver and brain tissues compared to normal mice. This is not surprising in light of the reduced H202 production and heightened antioxidative defense capacity. Although we measured whole tissue protein oxidative damage, recent studies have shown no evidence for increased protein oxidative damage in mitochondria relative to cytosol (47) . Interestingly, protein damage did not accumulate with age in dwarf mice suggesting possible differences in protein degradation processes resulting in fewer residual damaged proteins. The proteasome is located in the cytosol and nuclei and in general, is involved in selective degradation of regulatory intracellular proteins and of malfunctioning protein molecules (48, 49) . Proteasome activity has been shown to decline with aging (50-53) possibly resulting in the accumulation of modified proteins. Preventing protein oxidation or removing damaged proteins more efficiently (increased turnover) may be one mechanism that dwarf mice utilize that results in the increased longevity of these mice (54) . For example, if the PARP protein (polyadenosine diphosphate ribose polymerase) became oxidized, DNA repair would be inhibited, allowing DNA damage to accumulate and result in a shorter life span (55) . An additional mechanism that plays a role in resistant to oxidative stress is glutathione (GSH; 56). Several tissues from dwarf mice exhibit significantly elevated GSH levels (38) .
Close proximity to increased oxidant generative processes leaves membranes susceptible to oxidative insults resulting in lipid peroxidation. Accordingly, the effects of hydroxyl radical attack on lipids initiate a chain reaction that produces hundreds or thousands of lipid hydroperoxide molecules from a single initial event (57) . In contrast to these toxic effects of lipid hydroperoxides and 4HNE, lower levels have regulatory and messenger functions, particularly in stress signaling (58, 59) . Malonaldehyde and 4-hydroxyalkenal are commonly used indicators of lipid peroxidation. Aged dwarf mice had more MDA/mg protein when compared to wild type mice. Initially, this observation was surprising although there is at least one report indicating that elevated catalase levels increased both MDA and conjugated diene levels in liver tissue (60) . This suggests that although dwarf mice have elevated hepatic catalase activity, it may not play an important role in the development of hepatic lipid peroxidation or may not be present in amounts necessary to prevent lipid peroxidation. The dwarf may exhibit greater protection against oxidative protein and DNA damage while mechanisms protecting from oxidative lipid damage may operate at less than optimal levels [i.e. glutathione peroxidases (GPX), glutathione-S-transferase-catalyzed conjugation]. Correspondingly, dwarf mice have lower liver GPX activity (33) and we have preliminary evidence indicating that GPX protein levels are also significantly lower in dwarf liver tissue when compared to wild type liver (Brown-Borg, unpublished data). In addition, we have previously demonstrated that 12 month old liver inorganic peroxide levels (using procedure of Meiattini, 1985; 61) were lower in dwarf versus normal, wild type mice (62) . This previous observation was confirmed (63) in 26 month-old dwarf mice -again showing lower inorganic peroxide levels in liver and kidney compared to normal mice. In this study (63) , levels of lipid peroxides found were variable. Male dwarf mice exhibited less liver lipid peroxides while female dwarfs did not differ from age-matched controls (63) . Dwarf kidney levels of lipid peroxides were similar to normal animals. Different results could be attributed to assay type and sensitivity and the fact that lipid peroxidation is more transient in nature when compared to other forms of oxidative damage. There are reports showing that lipid peroxidation is not altered in hypothyroid mice (64) or rats (65) compared to euthyroid animals.
Superoxide generation has been shown to be significantly elevated in rodents overexpressing GH (66) . In the current study, we found that GH transgenic mice exhibited elevated levels of oxidative protein damage to both liver and brain at different ages compared to their normal counterparts. Recently, we showed that catalase is significantly suppressed in tissues from GH transgenic mice (14) while others have found that GH excess is associated with early declines in SOD and GPX (67) . No differences in the amount of oxidized DNA (8OHdG) were detected between GH transgenic and normal mice. Lipid peroxidation was not measured in this study as previous reports indicated that indices of lipid peroxidation were significantly higher in animals with high plasma GH compared to controls (66) .
The specific role of GH in aging, and antioxidative processes remains to be elucidated. Body size has been shown to play a role in aging as smaller breeds of animals (dogs and horses) live longer than larger breeds (68, 69) and short humans tend to live longer than tall individuals (70, 71) . The interactions between GH and the insulin-like growth factors in determination of both final body size and metabolism may contribute to possible alterations in antioxidative defenses resulting in differences in oxidative damage and overall life span.
Other mammalian models of GH insufficiency also live longer. The extended life span of Ames and Snell dwarf mice (15, 16) that are homozygous for unrelated mutations on different chromosomes (72, 73) strongly suggests that this effect is due to phenotypic characteristics common to the two mutants.
Mice unable to respond to GH, GH receptor knockouts, have also been shown to outlive their normal counterparts (17, 18) . Importantly, evidence presented by Krzisnik and coworkers (74) shows increased longevity in hypopituitary patients with mutations at the Prop-1 locus, the same gene that is mutated in the Ames dwarf. In sharp contrast, mice overexpressing G H live significantly shortened lives, exhibit increased indices of free radical processes (66) , decreased antioxidative defenses (14, 67) , signs of accelerated aging including reduced replicative potential of cells in vitro (75) , and signs of premature central nervous system aging including reduced catecholamine turnover, increased astrogliosis, and impaired learning and memory (19, 76, 77) . In addition, these animals typically reach sexual maturation earlier and cessation of reproduction sooner than wild type siblings (21, 78) . According to Kajiura and Rollo (79) , the increased rate of physiological decline in mice overexpressing GH maybe due to a disproportional allocation of energy towards growth versus repair mechanisms, reproduction and behavioral activities.
Although GH deficiency in elderly humans is characterized by increased adiposity, muscle atrophy and reduced cardiac function, and can be reversed by GH administration (80, 81) , the long term effects of GH replacement on lifespan are unknown. The dwarf gene may selectively modify various components of the antioxidant defense system leading to less oxidative damage and an overall extension in lifespan. Notably, the delayed aging observed in Ames dwarf mice is not limited to phenotypic and biochemical parameters but also behavioral parameters. Growth hormone deficient Ames dwarf mice do not experience age-related declines in cognitive function and locomotor activity found in wild type mice (82) .
Our laboratory has significant evidence showing that GH and IGF-1 (main mediator of growth hormone's actions on growth) suppress the activities of both catalase and glutathione peroxidase in vitro (83) . In addition, the relationship between extended life span and GH/IGF hormones is not limited to studies conducted in mammals. There are reports in yeast (PKA and Sch9-both involved in nutrient utilization/Akt/PKB; 84), worms (c. elegans; daf-2-85; age-l-86; both components of insulin/IGF pathway), and flies (insulin receptor mutant-87; chico-insulin receptor substrate gene-88) that reduced activity of the GH/IGF/insulin signaling pathway results in significant extensions in life span. In addition, disrupting the p66 she gene, which is involved in intermediary metabolism, also extends life span in rodents (89) . Therefore, the control of metabolic activity by the GH/ IGF/insulin signaling pathway may be a universal regulator of aging across species. Another notable point is that there are numerous types of oxidative damage other than those measured in the present study (8OHdG, protein carbonyls and malonaldehyde). The altered metabolic state of the Ames dwarf and GH transgenic animals may shift the balance towards these other types of damage (i.e. nitrotyrosine, 3-methylguanine, 5-hydroxycytidine). Finally, although aging is associated with an overall decline in antioxidative enzyme activities, a significant increase in H202 production, and an accumulation of oxidative damage, the decline in GH that occurs with aging may benefit overall antioxidant status.
